Additional reliable anatomical markers are needed for differentiating archaeological wolves and dogs, to support clarifying the origin(s) of dogs. Candidate structures should have good potential to survive various taphonomic conditions. The petrous bone is one potential differentiating structure, and could be further useful when aDNA cannot be extracted otherwise. The petrous bone houses the bony labyrinth (semicircular canals, vestibule, and cochlea). Across a number of taxa, its intricate shape has been shown to carry indicator taxonomic information, supporting clear distinctions between and among mammalian groups. In this report, we explore the three-dimensional shape of the bony labyrinth of wolves and dogs, using micro-computed tomography and 3D geometric morphometrics. We examined 20 modern Eurasian wolves and 20 modern mesaticephalic dogs with comparable skull lengths. We show that dogs have on average a significantly smaller bony labyrinth than wolves. In shape space, wolves and dogs form significantly different, non-overlapping clusters with dogs having a larger relative size of the lateral semicircular canal, smaller relative size of the vertical canals and oval window, and shorter relative cochlea streamline length, with a more antero-ventrally tilted modiolus. These shape differences are not related to allometric effects. Results of this study warrant examination of preserved archaeological and paleo-ontological petrous bones from the oldest possible dogs and isopatric wolves.
Introduction
Zoologists, geneticists, and archaeologists have been working to resolve the timing, location, and stimuli that surround the domestication of wolves. Eurasian wolves clearly are ancestors of domestic dogs, but the actual founding wolf population is not yet known. Pivotal questions that first must be resolved involve the ability to differentiate archaeological wolf and dog remains correctly. Factors that contribute negatively include fragmented, incomplete ancient specimens, and insufficient ancient DNA (aDNA) for study.
Many phenotypic traits that were proposed historically to differentiate wolves and dogs now have been rejected, based on new data and high-quality re-analysis of older data (Ameen et al. 2017; Drake et al. 2015 Drake et al. , 2017 Drake and Klingenberg 2010; Janssens et al. 2016a Janssens et al. , b, c, 2019 . Traits that have remained valid for sub-speciation include dog size reduction; dog brain size ratio reduction; smaller dog P 4 mesiodistal diameter; small M1 mesiodistal diameter; large dog orbital angle; and wider dog snout width and skull height indices. However, one problem with these remaining traits is that the oldest archaeological canine skulls mostly are incomplete, leaving only P 4 (if present) and relative size as possible differentiating criteria. Thus, the differences between valid species-differentiating canid traits and those that actually are available highlight a need for new anatomical diagnostics. The petrous bone is a potential candidate for development as a species-differentiating trait.
The petrous part of the temporal bone ( Fig. 1 ) contains the bony labyrinth (anterior, lateral, posterior semicircular canals, vestibule, and cochlea), a complex structure that houses the organs of balance and hearing (Costeur et al. 2017; Jeffery and Spoor 2004) . The petrous bone is the mostdense bone in the mammalian body (Lam et al. 2003) , and it preserves well in fossil mammalian skeletal remains (Lam et al. 1999; Lyman 1984) . In research to date, non-invasive microcomputed tomography (micro-CT) and geometric morphometric (GM) semi-landmark-based 3D shape analysis of the bony labyrinth have defined clear differentiations among mammalian subspecies (Gunz et al. 2012 ) and even among populations (de León et al. 2018) .
In a recent geometric morphometrics (GM) study of modern dogs, modern wolves, and archaeological dogs, using micro-CT imaging, bony labyrinth shape did not support a species-differentiating hypothesis (Schweizer et al. 2017) . Actually, the study found substantial overlap between wolves and dogs. The shape of the bony labyrinth varied similarly among dogs and wolves, mostly generated allometrically as covariation of size and shape (Schweizer et al. 2017) . Schweizer et al. (2017) had evaluated a thorough spectrum that included many modern dog breeds that spanned miniature, giant, chondrodystrophic, dolichocephalic, and brachycephalic types. They also evaluated several subspecies of non-Eurasian wolves (C. l. chanco; C. l. arabs; C. l. lycaon ) that clearly are not ancestors of modern dogs (Aggarwal et al. 2007) . Correlations between body size and morphology of the mammalian ear region have been previously shown (Nummela 1995; Lebrun et al. 2010; Spoor ). Thus, despite evidently disappointing results from Schweizer et al. (2017) , it is worth considering that allometric effects on bony labyrinth shape? (Lebrun et al. 2010; Alloing-Séguier et al. 2013) , and more pronounced scaling-driven variance of overall shapes, may be important when considering groups of more diverse and broader body size ranges (Lebrun et al. 2010) . If allometric effects obscure size-unrelated, subtle differences in labyrinth shape among dogs and wolves, species-relevant differences may not be obvious.
We hypothesize that allometric effects could obscure non-size-related, subtle differences in labyrinth shape. To test this hypothesis, we chose an alternative GM approach and minimized the effect of allometry by comparing modern adult wild wolves of Eurasian origin that are the probable ancestor type of dogs (Thalmann et al. 2013 ) with modern mesaticephalic dogs with comparable skull lengths. Mesaticephalic skulls have medium skull length and muzzle width (Slatter 2003) in all archaeological specimens, but vary from some modern dogs that have brachycephalic (pug) or dolichocephalic (borzoi) skulls, both reflecting modern gene pool isolation and thus not present in wild canids, ancient or modern.
Materials and methods

Study population and imaging
We analyzed dry skulls of 20 modern dogs and 20 Eurasian wolves. All specimens were adult modern wild wolves or adult modern mesaticephalic dogs with comparable skull length. The skulls were scanned using micro-CT systems with image spatial resolutions ranging between 0.024 and 0.050 mm. The total skull length was established according to Von den Driesch (1976) , and detailed image spatial resolution for each of the specimen is given in Table 1 .
All modern dog specimens were scanned using the custom-made HECTOR (Masschaele et al. 2013 ) scanner of the Ghent University Centre for X-ray Tomography (UGCT). The wolf specimens, curated at the Museum für Naturkunde in Berlin, Germany, were scanned using the custom-made diondo d3 microCT scanner at the MPI-EVA in Leipzig, Germany. Following the protocol of Gunz et al. (2012) , micro-CT scan images were used to extract the 3D surfaces of the bony labyrinth using the 'Isosurface' module in Avizo™ 7.1 and 8.1 (Visualization Science Group). Our goal was to analyze bony labyrinths from the right side of the skull. However, in cases of destruction or fillings of the right side, the left labyrinth was reconstructed after mirrorimaging the original tiff stack. Based on a single threshold that best represents the surface of the bony labyrinth (selection of appropriate threshold done visually), the 'Isosurface' module calculates a 3D surface directly from the matrix of grey-scale voxels (needs homogenous filling of bony labyrinth). After removing all reconstructed adjacent structures not belonging directly to the bony labyrinth (using 'Surface Editor'), surfaces were saved in STL format and imported into GEOMAGIC STUDIO™ 12-20 (Geomagic, Inc.) for surface closing and necessary smoothing. The subsequent measurement protocol for the digitization of landmark and semi-landmark coordinates followed an earlier protocol (Gunz et al. 2012; Gunz and Mitteroecker 2013) , except for minor modifications (see below).
Quantification
Shape analysis of the bony labyrinth is based on evaluating a large number of landmarks and semi-landmarks. Landmarks were digitized using AVIZO™ 6.1-8.1. Processing of landmark coordinates was done using Mathematica™ (Wolfram Research, Inc.). The measurement protocol for obtaining landmark data was described previously (Gunz et al. 2012) . The procedure involves placing 20 landmarks and approximately 280 semi-landmarks, beginning with computing a midline skeleton of the surface model by thinning the encased volume. This skeleton serves as a curvature template for placing midline landmarks of the semicircular canals and the common crus (Fig. 2) . For the cochlea, we used a manually created midline skeleton. In addition to midline landmarks, a set of 'outline' measurement points were placed on the outer surface of each semicircular canal and the common crus, along a curve farthest away from the vestibule. To quantify shape of the oval window, another set of landmarks was placed along a curve on the margin of the oval window. Changes to the measuring protocol of Gunz et al. (2012) affected six landmarks (three on midline and three on outline) placed on the vestibular side of the ampullae of the three semicircular canals and defining the starting point of the curves of each of the three canals. Instead of placing these landmarks at the fusion of the ampulla to the vestibule, they were placed midmost of the ampulla midline skeleton (Fig. 2) . On the outline, the landmark is defined by the entry of the vestibular nerve into the bony ampulla. Another change affects the ending landmarks of the common crus that we placed in vestibular orientation, rather than aligning with the outline border of the vestibule (new template included as supporting information). Bony labyrinth shape was analyzed using GM methods that require all specimens to have the same number of landmarks (coordinates) at corresponding locations. Therefore, curves along the midlines and the outlines of the semicircular canals, the oval window, and the midline of the cochlea, were provided with uniform semi-landmark numbers. Subsequently, semi-landmarks were allowed to slide along their respective curves to minimize the thin-plate spline bending energy between each specimen and the average shape (computed as the mean of all Procrustes coordinates). This sliding step ensures geometric correspondence of the semi-landmarks among individuals (Bookstein 1997; Gunz et al. 2005; Gunz and Mitteroecker 2013; Rohlf and Marcus 1993) . The 3D landmark and slide semi-landmark data on the semicircular canals, the oval window, and the cochlea, were converted into shape variables using Generalized Least Squares Procrustes superimposition (Rohlf 1990 ). Procrustes superimposition standardizes position and orientation and also scales all specimens to unit centroid size.
Principal component analysis (PCA) was used to evaluate the Procrustes coordinates. Multivariate regression of the Procrustes shape coordinates on the natural logarithm of centroid size was used to study allometry (Gunz and Mitteroecker 2013) . A permutation test (Good 2013) , based on the Procrustes distance between group means, was computed to evaluate the statistical significance of shape differences among modern dogs and wolves. For this analysis, the length of the Procrustes distance between the two group averages, with average differences computed after randomly reshuffling group affiliations 5000 times, was compared (Mitteroecker and Gunz 2009). All data processing and statistical 
Results
Total skull length in wolves (250 mm ± 8.1 mm) did not differ significantly (p = 0.094) from mesaticephalic dogs (245 mm ± 12.6 mm). Dogs and wolves overlap broadly in bony labyrinth size (Fig. 3) , but mean centroid size of the landmark configuration in wolves is significantly larger (p = 0.011) than in dogs, implying slightly larger bony labyrinth in wolves, where skull length is comparable.
The first three principal components (PCs) of canine bony labyrinth shape explain 50% of the total variance. Shape space of the first three PCs reveals that wolves and dogs form non-overlapping clusters (Fig. 4) with mean shapes that differ significantly (p < 0.001). The main axis of separation between wolves and dogs is found along PC 1, explaining 24.8% of total variance (Figs. 4, 5) . In contrast, dogs and wolves overlap broadly on PC 2 (15.4% of total sample variance) and PC 3 (10.1% of total sample variance). The variance of shape is similar between wolves (0.00276) and modern dogs (0.00286).
Allometry had a significant effect (p < 0.001) on distributions of shape variables over the entire study population, explaining 6.7% of the total variance. Scaling explains slightly more of the shape variance among modern dogs (11.4%) than wolves (10.1%), (p < 0.001). Centroid size correlates more strongly with PC 2 (r = 0.543, explaining 30% of variance) than with PC 1 (r = − 0.191, explaining 4% of variance), with the latter defining the axis separating dogs from wolves.
The most pronounced shape difference involves the relative size of the lateral semicircular canal, being distinctly larger in modern dogs, based on a posterior-medial extension (Fig. 6) . Wolves reveal slightly larger vertical semicircular canals, resulting from a superior elongation of the common crus (the part/limb shared by the anterior and posterior semicircular canal). The posterior semicircular canal in wolves shows more torsion, whereas in dogs it runs more planar. The slightly larger oval window in wolves is oriented more laterally than in dogs. Finally, relative cochlea streamline length is longer in wolves, adding approximately one-third of a turn. Relative to the caudal vestibular portion, the more rostral central bony axis of the cochlea (the modiolus), housing the cochlear nerve and the spiral ganglion, is tilted slightly more anteroventrally in dogs, compared to wolves (Fig. 6 ).
Discussion
We found significant differences between bony labyrinth mean shapes of modern wolves and similar-sized modern dogs, resulting in non-overlapping clusters in shape space. Bony labyrinth shape thus allows clear separation between the two sub-species.
The total amount of variation in the shape of the bony labyrinth was similar in modern dogs and wolves (Schweizer et al. 2017 ). This result is confirmed by our study, although we used a different landmark protocol (Gunz et al. 2012 ). This equality of variance likely results from the relatively conserved configuration of the bony structures surrounding the labyrinth. Indeed, housed inside the petrous bone, the bony labyrinth is part of the basicranium, a region known to show less anatomical variation compared to other parts of the canine skull (Lüpz 1974) . Since shape of the mammalian bony labyrinth has been shown to co-vary with aspects of the remaining basicranium (Spoor and Zonneveld 1998; Gunz et al. 2013) , it is likely that dog vs. wolf variation in labyrinth shape relates to constraints imposed by developmental integration within the cranial skull base of modern dogs and wolves. This developmental differentiation should be present prenatally (as development of the bony labyrinth is completed before birth), and not based on postnatal ontogenetic diversity occurring during growth (Wayne and Vilà 2001; Jeffery and Spoor 2004; Costeur et al. 2017; Geiger et al. 2017) . Shape variances between dogs and wolves suggest that there is no relaxed stabilizing selection on the canine bony labyrinth, as the result of domestication (Perier et al. 2016) . However, relaxed stabilizing selection would be expected in domesticated wolves (dogs), based on reduced natural selection pressure (e.g. bright coat color survivors that are not present in the wild); reduced food stress (anthropogenic food sharing and feeding); and reduced intra-(other wolf pack conflicts as the main death cause in wolves) and inter-species (e.g., bears) carnivore competition. Centroid size of the labyrinth is significantly smaller among our modern dog sample, implying a smaller overall labyrinth size, despite congruence of cranial size. Correlation between inner ear size and brain volume might be an underlying explanation, as brain volume ratio is smaller in dogs compared to similar-sized wolves (Kruska 1986 (Kruska , 1988a Geiger and Haussman 2016) . Brain size reduction (about 25%) is typical for domesticates (Arbuckle 2002; Zeder et al. 2006; Zeder 2012) , and is the result of the reduced stress, related to the anthropogenic environment (Hemmer 1973; Zeder 2012 ). Brain size reduction is not a general phenomenon but caused by reduction of specific brain structures, localized specifically in the metencephalon, specifically the reticulo-activated system (RES) (Boitani and Ciucci 1995; Kruska 1988a ). This region also houses the brain nuclei innervating the labyrinth. As a result of this selective brain size reduction, there is reduced hypothalamic-adrenocorticotropic hormone production and secondary reduced adrenal glucocorticosteroid production (Arbuckle 2002; Belyaev et al. 1985; Hemmer 2005; Trut et al. 2009 ).
Shape differences between bony labyrinths of wolves and modern dogs do not result from differences in overall labyrinth size since the species segregate by shape changes along PC 1, which is affected only weakly by allometry (4% of variance explained by PC 1). Hence, shape differences between wolf and dog labyrinths must result from other factors. Simple correlations between vestibular bony labyrinth shape and function of the inner ear have been disputed (David et al. 2016) , and the contribution of vestibular functional factors to shape variation cannot be tested at present. Similar concerns apply to the functional shape of the cochlea (Manoussaki et al. 2008; Pietsch et al. 2017) . Since sensory capacities of most dog breeds and wolves are thought to be similar (Scott 1950) , shape changes in the canine labyrinth affecting mostly lateral canal size and cochlea shape could represent a response to the need of maintaining (instead of altering) similar auditory and vestibular functions relative to absolute size differences between inner ears of modern wolves and modern dogs. Given the close relationship between cranial base morphology and bony labyrinth shape in other mammals (Spoor and Zonneveld 1998; Jeffery and Spoor 2004; Gunz et al. 2013 ), it appears likely that shape disparity may relate mainly to spatial constraints (Pietsch et al. 2017) or differences in neurocranial developmental integration.
Our data suggest that bony labyrinth shape is a neomorphic feature of modern dog anatomy that allows differentiation of modern wolves and modern dogs. Possibly, these observations were obscured in earlier studies by allometric effects resulting from the large size range among modern dogs (Schweizer et al. 2017) . The ability to differentiate modern dogs and wolves with similar skull lengths demonstrates that bony labyrinth shape is a viable taxonomic marker.
Conclusion
In modern Eurasian wild wolves and modern mesaticephalic dogs of comparable skull length, the inner ear differs statistically in: centroid size (smaller in dogs); relative size of the lateral semicircular canal (larger in dogs); relative size of the vertical canal (smaller in dogs); and is less twisted, more planar in form in the vertical canal (dogs). Relative size of the oval window and cochlea streamline length also differ (smaller in dogs), and the modiolus is tilted anteroventrally in dogs. Based on these differences, inner ears of similar sized modern dogs and modern wolves can be differentiated with certainty.
